Abstract-Terahertz (THz) waveform measurements by photoconductive (PC) sampling and free-space electrooptic sampling (FS-EOS) are analyzed and quantitatively compared. Our data suggest that a short dipole antenna used in a PC receiver contributes a flat frequency response when used without a substrate lens and a j! response when used with a substrate lens, for the specific THz frequency range and optical system investigated in our experiments. These findings are explained using results from basic antenna theory. Experiments testing our theory for a variety of THz waveforms (obtained by using different THz emitters and simple as well as shaped optical excitation pulses) and for different carrier lifetimes are also presented. Finally, we demonstrate near-field effects in the PC-sampling measurements of broad-band THz waveforms and explore the evolution of THz radiation from the near field into the far field.
I. INTRODUCTION

S
INCE THE 1980's, coherent terahertz (THz) radiation has been of much interest in the ultrafast optics community [1] - [8] . This THz frequency range, which is in the submillimeter regime in terms of wavelength, had been difficult to reach prior to the application of femtosecond lasers for the generation of coherent THz radiation. When one deals with THz phenomena, waveform measurement is as important as the generation of the phenomena. For the measurement of THz radiation, photoconductive (PC) sampling and freespace electrooptic (EO) sampling are two currently widely used techniques. PC sampling has played an important role in the development of THz technology itself. Because of exceptionally good signal-to-noise ratio (SNR) and reasonable bandwidth, it has enabled many applications, including spectroscopy [9] - [11] , imaging [12] , [13] , and ranging [14] . On the other hand, EO sampling of freely propagating THz radiation is relatively young. Although the EO effect itself has been known for a long time, and EO sampling of guided THz propagation was demonstrated some time ago [15] , it was not until recently that EO sampling of freely propagating THz was demonstrated. Zhang and Wu [16] - [21] and Heinz et al. [22] , [23] developed free-space electrooptic sampling (FS-EOS) in the mid-1990's. Once the FS-EOS technique was developed, it has become very popular, mainly due to its simple implementation and large bandwidth.
In this paper, we analyze and compare the FS-EOS and PC sampling techniques. We will emphasize the relation between the waveforms measured by these techniques. Although these methods are widely used to measure coherent THz radiation, there are not many works comparing these two methods. The comparison has focused mainly on the bandwidth and the SNR [17] , [24] , but detailed comparison of the detected waveforms has been missing. In a recent paper [25] , we quantitatively compared the THz waveforms measured by FS-EOS and PC sampling and showed that the waveforms measured by FS-EOS and PC sampling could be related by a simple formalism. In this work, we extend the comparison to the case in which the THz waveforms are more complex, and we present a detailed theoretical analysis which explains the observed PC antenna response (which in turn can lead to important differences in the waveforms measured via these two techniques). The effect of the carrier lifetime on the PC-sampled THz waveform is also demonstrated experimentally and compared to theory. Finally, we discuss experiments demonstrating near-field effects and the transition from the near-field to the far-field region for wide-band THz radiation.
II. THEORY OF FS-EOS AND PC SAMPLING
A. FS-EOS
In FS-EOS, we detect the polarization change of the probe beam induced by the THz electric field through the EO effect in the sensor crystal. The typical FS-EOS experimental arrangement used in this research is shown in Fig. 1 . The THz beam and the optical probe beam copropagate in the EO sensor crystal. The optical probe beam path is provided by a thin pellicle beamsplitter, which has a negligible effect on the THz beam. The linearly polarized probe beam experiences a polarization change in the sensor crystal due to the birefringence induced by the THz electric field. Usually, the sensor crystal is a -oriented zinc-blende crystal which possesses symmetry. When the edge of the crystal is oriented parallel to the polarizations of the incoming THz beam and optical probe beam, the differential phase change of the two probe beam polarization components due to the induced 0018-9197/99$10.00 © 1999 IEEE birefringence can be expressed by [26] (1) where , and are the refractive index, EO coefficient, and thickness of the sensor crystal, respectively. is the amplitude of the THz electric field, is the angular frequency of the optical probe beam, and is the speed of light. The modulated probe beam is analyzed by a setup which consists of a quarter-wave plate, a polarization beamsplitter and a pair of balanced photodiodes. The detected differential current signal can be expressed by (2) where is the current which would flow in a diode when all the optical probe power is directed to a single diode. For a moderate modulation depth, the phase change is converted linearly to the differential current. (The typical modulation depth is 10 -10 .) There are several factors which can affect EO-sampled waveforms. These include group velocity mismatch (GVM) in the sensor crystal, phonon-polariton coupling, and finite optical pulsewidth [21] . The GVM arises from the different propagation speeds of the THz and optical waves in the sensor crystal; this leads to broadening of the measured waveform. The amount of GVM depends on the wavelength of the probe beam and the type of sensor crystal, but it can be as large as several picoseconds per millimeter of sensor crystal length [17] . The phonon-polariton coupling describes the phenomenon in which the propagating THz wave leaves behind phonon oscillations, which in turn act as a source of THz radiation. The phonon-polariton coupling usually manifests itself as an oscillatory tail accompanying the main THz features [27] . These two effects-GVM and phonon-polariton coupling-can be minimized by using thin sensor crystals at the expense of reduced signal strength. The finite probe beam pulsewidth is another source of THz waveform broadening, which can be significant for very short THz waveforms. However, in our experiments with 100-fs probe pulses, THz radiation with a spectrum under 2-3 THz, and a thin (150 m) ZnTe EO sensor crystal, distortion of the THz waveforms by all these effects is minimal. For example, the GVM between the optical probe at 810 nm and the THz beam around 1-2 THz for 150 m ZnTe is 10-20 fs, which is negligble for our frequency range. The effect of phonon-polariton coupling is more difficult to state quantitatively. But, if we compare our conditions with those of [21] and [27] , we find it is safe to assume that the phonon-polariton coupling effects are small. Therefore, we consider the measured waveforms to be directly proportional to the incoming THz electric field amplitude. In the context of our comparison with PC sampling, the ability to independently measure the incoming THz field via FS-EOS isolates the role of the antenna frequency response in the PC-sampling measurement.
B. PC Sampling
In PC sampling, the measured quantity is the current which flows in the photoconductor excited by delayed optical gate pulses. A typical PC-sampling setup is shown in Fig. 2 . Electron-hole pairs are generated when an optical gate pulse illuminates the photoconductor in the gap of a dipole antenna. These carriers are driven by the THz electric field, producing a current, the magnitude of which is proportional to the THz field and the carrier concentration and the direction of which is determined by the polarity of the THz field. Since the basic operation principle of a PC antenna is the same as that of an electronic boxcar, a rapid recovery of the electron-hole population is essential in order to get good time resolution. Usually, radiation-damaged silicon-on-sapphire (RD-SOS) [28] or lowtemperature-grown GaAs (LT-GaAs) [29] - [31] are used as the photoconductor material. The average photocurrent as a function of delay of the gating pulse can be expressed by the convolution of (3) where is the collected charge for each gate pulse, is the repetition rate of the laser, and the induced bias voltage 
The time-dependent conductance is given by (5) where is the temporal intensity profile of the gating pulse and is the Fourier transform of the incoming THz electric field . The finite photocurrent rise time and the current recovery time are represented by and , respectively [32] . The response function represents the frequency-dependent ratio of the voltage induced at the sampling gap to the incident THz electric field spectral amplitude , where and are assumed to approximate a plane wave at the receiver.
depends on the coupling of the incident wave onto the antenna as well as the impedance matching conditions between the antenna and the transmission line in which it is embedded; both of these factors may be frequency-dependent.
The frequency response can be understood with the simple circuit diagram shown in Fig. 3 where the receiving antenna is represented by an equivalent open-circuit voltage source and a series impedance connected to an external circuit with impedance [33] . From the reciprocity theorem, is identical to the antenna impedance calculated when the same antenna is used as a transmitter [34] . The induced open-circuit voltage of the antenna can be calculated from [35] (6) where is the current that would flow in the antenna at if it were used as a transmitter, is the electric field of the incoming THz wave at , and the integral is over the antenna surface.
is a normalization factor which represents the maximum of . It should be noted that is the field which would exist at when the receiver is not present. In order words, represents the incident field without taking into account any perturbations due to the presence of the receiver. When the overall size of the dipole is much less than the beam size of THz radiation, the electric field can be approximated as (for any given ) because is spatially uniform across the antenna. This will be true when the antenna dimensions are small compared to the THz wavelength of interest or, less restrictively, when the transmitter-receiver pair satisfies the far-field criterion. Specializing now to the dipole antennas studied in our experiments, when the dipole length is much shorter than the wavelength of the THz, is also frequency-independent. For example, has a triangular profile for a short center-fed dipole [34] . In this case, can be approximated by multiplied by a frequencyindependent normalization factor as
In GaAs , frequencies of 1 and 2 THz correspond to wavelengths of 80 and 40 m, respectively. Therefore, the short dipole approximation becomes questionable for frequencies approaching 2 THz and above. But, since the relatively long carrier lifetime effectively performs low-pass filtering in PC detection, our PC detection is not sensitive in that frequency region. The actual voltage across the gap , when there is a transmission line feed connected to the antenna, can be calculated from the following voltage divider expression: (8) where and are the impedances of the transmission line (plus load, if any) and the antenna, respectively. The radiation impedance of our short dipole is small in the frequency region of interest between tens of gigahertz and 2 THz [34] . (At very low frequency, the antenna reactance becomes large [36] and this leads to a zero dc response.) On the other hand, when is small compared to can be approximated by . Therefore, if the measurement is limited to the THz range where the wavelength is much longer than the antenna length, both the open-circuit voltage and the voltage divider effect are nearly frequency-independent. As a result, we have (9) When an antenna is longer, the impedance of antenna and transmission line can be matched at a certain frequency. This kind of resonance characteristic was reported by Smith et al. [2] . Our formalism is valid under the assumption that the resistance of the gap region upon illumination remains large compared to . Otherwise, the time-dependent gap resistance induced through the sampling action perturbs the voltage divider relation in a way that is not included in (8) . Although this assumption may be only partially correct under our experimental conditions, nevertheless, based on our results in Section III, which show good agreement between theory and experiment, it appears that our formalism still accounts for impedance matching satisfactorily.
The frequency-independent open-circuit voltage relationship of (7) can be derived in an alternative way, also using the reciprocity theorem, as follows. By definition, is independent of the external circuit connected to the antenna. Therefore, when we calculate , we can use any load at our convenience. When the antenna is connected to a load which satisfies the impedance-matching condition between the load and the antenna, , for a particular frequency of interest, the power delivered to the load from the transmitter can be represented by [33] (10) where is the transmitted power, is the distance between the transmitter and receiver, and and are the directional gains of the receiver and transmitter, respectively. In (10), can be identified as the incident THz intensity at frequency , at the detector, where is the impedance of free space. Then, (10) can be rewritten as (11) On the other hand, the average power delivered to the matched load can be expressed in terms of as (12) where is the radiation resistance of the receiving antenna (which is the same as the radiation resistance of the same antenna used as a transmitter). By equating (12) and (11), we obtain (13) If we know the directional gain and radiation resistance of the receiver, we can get the response function which relates the open-circuit voltage to the incoming THz electric field . For a short dipole, and , where is the length of the dipole [34] . By substituting these expressions into (13), we obtain (14) We find the open-circuit voltage is proportional to the length of the antenna and to the incident electric field spectral amplitude with a frequency-independent multiplication factor. In real experiments, the external circuit is not a matched load as in this hypothetical experiment; therefore, the actual voltage coupled across the gap still depends on through the impedance-matching condition of (8) .
As reported in the following, our experiments on a short dipole antenna without a substrate lens confirm the flat frequency response shown above , i.e., is directly proportional to the incoming electric field profile. This is in marked contrast to the well-known frequency dependence of a short dipole transmitting antenna.
When antennas are used with other coupling elements, the response function of the antenna reflecting those elements, should be used. An example of such a coupling element for microwave frequencies is the paraboloidal antenna. In that system, the electromagnetic wave is collected by a large aperture paraboloid and delivered to the active sensing unit which is located at the focal point of the paraboloid. The PC dipole THz antenna is often used with a hyper-hemispherical substrate lens. In this case, the aperture of the entire THz system, consisting of the lens-dipole combination, is not shorter than the THz wavelength and may not be shorter than the THz beam size; the assumptions of the previous paragraphs used to derive the frequency-independent response function may not be valid. In fact, we find that a short dipole receiver with a substrate lens does give rise to a frequencydependent response in the specific optical system and frequency range of our experiments. This will be covered in detail in Section III-C.
III. RESULTS
A. Comparison of FS-EOS and PC-Sampled Waveforms
In this section, we compare the THz waveforms measured by FS-EOS and PC sampling and show that the waveforms measured by these techniques can be related by simple formulas already given as (3)- (5) [25] . Our approach is to use the waveforms measured by FS-EOS as the actual electric field waveform in (3)- (5) in order to predict the PCsampled waveforms. Since the PC-sampled waveforms and the FS-EOS waveforms are measured at the same position, we do not need to know the transfer function of the THz pulse from emitter to detector, which would be the same for both waveforms. This is in contrast to the situation where the THz waveforms measured by PC sampling are modeled based on the calculations of the field at the emitter [37] . Our approach allows for a quantitative investigation of the influence of the antenna response function and the photocurrent lifetime on the PC receiver operation. For the data of this section and Section III-B, the PC sampling was performed without a silicon lens to observe the pure PC antenna response. In Section III-C, we present the data obtained using a silicon substrate lens attached to a PC antenna and compare those with the ones obtained without a lens.
We performed FS-EOS and PC sampling experiments in the setups similar to Figs. 1 and 2. We performed our experiments in the back-to-back configuration, in which emitters and detectors were placed 12 cm apart and facing each other without any collimation optics involved in the beam path. This configuration was used in order to avoid any potential pulse reshaping in the use of THz collection optics such as paraboloidal mirrors. In each case, the receiver (either FS-EOS or PC sampling) was placed at the same position relative to the THz source.
We performed our comparison for three different sources of THz radiation, namely, two different biased large-aperture GaAs emitters and an unbiased ZnTe large-aperture emitter. These three emitters generated very distinct waveforms, which helped to confirm the validity of our theory. The biased emitters were fabricated by deposition of 3-mm spaced parallel electrodes either on a semi-insulating GaAs (SI-GaAs) or an LT-GaAs layer grown on SI-GaAs [31] . The LT-GaAs layer was grown at 280 C and subsequently annealed by rapid thermal annealing at 575 C for 30 s. We used a very thick (2.8 m) LT-GaAs layer in order to minimize the partial transmission of the excitation pulse into the SI-GaAs substrate. Typical biases were 200 V and 300 V for the SI-GaAs and LTGaAs emitters, respectively. The unbiased ZnTe emitter was -oriented and 1 mm thick. In the biased emitters, THz radiation is generated due to current surges, and the far-field radiation on the axis is given by the time derivative of the photogenerated current. In the unbiased ZnTe emitters, optical rectification, which is a second-order nonlinear process, is responsible for the THz generation [38] .
For the FS-EOS receiver, we used a 150-m-thick ZnTe crystal with balanced detection. We used a relatively thin sensor crystal to minimize the waveform distortion by phonon-polariton coupling and GVM, which were described earlier. For the PC antenna receiver, we used a 50-m-long dipole antenna with a 5-m gap embedded in a 50-m spaced coplanar transmission line [6] and fabricated on the LT-GaAs layer. The LT-GaAs layer was grown at the same time as the emitter material. Most experiments were performed with the LT-GaAs layer annealed at 600 C. A mode-locked Ti:sapphire laser with 100-fs pulsewidth was used to provide pump and time-delayed probe pulses. The delay between the pump and probe was scanned using a computer-controlled stepper motor stage. The pump power was 800 mW for all cases, and the probe power was 2 mW for FS-EOS and 20 mW for PC sampling. The pump beam was collimated with a diameter of 1 mm. Of the 12 cm of the THz beam path, 10 cm was enclosed in a N purging box in order to reduce the effect of water vapor. Numerical calculations based on the diffraction integral show that, with this pump beam size and emitter detector separation, we are measuring the radiated field in the far-field region. This was further confirmed experimentally by the observation that, when we moved the emitter up to 80 cm away from detector, there was almost no change in the shape of the waveforms. This issue will be covered in more detail in Section III-E. Fig. 4(a)-(c) shows the THz waveforms measured by FS-EOS. We can clearly see the difference between the waveforms from different emitters. From the SI-GaAs emitter, we obtained an almost unipolar waveform, which is in sharp contrast to the bipolar waveform obtained from the LT-GaAs emitter. This was expected from the lifetime of photogenerated electrons in these materials. For PC antennas, far-field radiation can be represented by the time derivative of current profile in the emitter. Since the lifetime of the carriers is very long ( 100 ps) compared to the fast generation and accelation of carriers ( 1 ps) in the SI-GaAs, SI-GaAs has a steplike current profile, which gives almost unipolar waveforms. Note that if the detection sensitivity were sufficiently high we should see a very weak and long negative tail after the sharp positive peak from the slow decay of carrier population; if the scanning window is wide enough, the positive and negative areas will cancel each other, and there will be no dc component. LT-GaAs has a very short carrier lifetime; therefore, both rising and falling edges of the current profile generate a strong THz field, resulting in bipolar waveforms. The waveform from the ZnTe emitter has a strong ringing associated with the main oscillation. This ringing seems to be from the emitter, not from the sensor. When we changed to a 1-mm-thick sensor, the ringing remained almost the same, while, when we changed to a 150-m emitter with the default 150-m sensor, the ringing almost disappeared. We also performed FS-EOS for other emitters with the 1-mmthick sensor; again, the waveforms are a little bit broadened but quite similar to the ones measured by the 150-m-thick crystal. These observations justify our assumption that the FS-EOS measurements with the thin sensor crystal provide a good measure of the actual THz waveform incident on the receiver. Fig. 4(d) -(f) shows the corresponding waveforms measured by PC sampling (solid lines). Note that no substrate lens was used for these PC-sampling measurements. In each case, the shapes of the PC sampling and the corresponding FS-EOS waveforms are markedly different. Fig. 4(d) -(f) also show the predicted PC-sampling waveforms (dotted lines), which were calculated based on (3)-(5) using the FS-EOS data as the incident THz field . As fitting parameters, we used a carrier lifetime ps (in reasonable agreement with optical pump/probe timeresolved reflection measurements and sliding contact PCsampling measurements), and a momentum relaxation time ps. We used a flat antenna response function , for which the derived and measured waveforms match fairly well. We used the same fitting parameters to calculate waveforms corresponding to each of the three THz emitters. In the data, the features 5-6 ps after the main peaks are from reflections which occur at different delays for FS-EOS and PC detectors due to different substrate thicknesses. (This was not accounted for in the simulation.) The initial dip before the main features of the PC waveforms is associated with the lifetime of the photogenerated carriers and is most clearly observed for the unipolar waveform from the SIGaAs emitter. For the bipolar waveforms (LT-GaAs and ZnTe emitters), this effect is less pronounced, because the positive and negative portions of the waveform partially cancel out in the convolution in (3)- (5) . The agreement between simulated and measured waveforms for all three emitters validates our approach for modeling the PC receiver response. PC sampling without an Si lens (dashed line). The FS-EOS measurement indicates a spectrum centered around 1 THz and extending to 3 THz, while the spectrum of the PC-sampled waveforms centers at 250 GHz and extends to 2 THz. This illustrates the bandwidth limitation arising due to the finite carrier lifetime of the receiver photoconductor. The observed bandwidth of the FS-EOS measured data is determined by the response of the PC-emitter, which in turn is determined by the carrier generation and acceleration and is not limited by the EO sampling process. The PC-sampled spectrum, on the other hand, is limited by the detection process.
B. Effect of Carrier Lifetime on PC-Sampled Waveforms
Because of the gated nature of the PC-antenna used in this experiment, the time during which the antenna is open to measure the signal is determined by the convolution of the gate pulse profile and the lifetime of photogenerated carriers. Therefore, in order to measure fast transients, it is essential to have very short carrier lifetime and pulsewidth. Usually, the optical pulsewidth is very short compared to the carrier lifetime. Therefore, the carrier lifetime has more effect on the measured THz waveforms. In order to investigate the effect of carrier lifetime on the waveforms, we repeated the PC sampling with two detectors. These detectors were fabricated on LT-GaAs, grown at the same time and annealed at 600 C and 625 C, respectively. LT-GaAs has a characteristic that materials annealed at a higher temperature exhibit longer carrier lifetime [39] . According to our optical pump/probe measurement, the lifetimes are approximately 1.3 and 1.6 ps, respectively. The emitter was the same biased LT-GaAs largeaperture photoconductor (575 C anneal) as in the previous section. Fig. 6(a) shows the results of the comparison. As expected, the negative dip before the main feature is broadened with the detector annealed at a higher temperature. Surprisingly, the main feature itself does not change with anneal temperature. This behavior is compared with the calculation in Fig. 6(b) , in which calculated waveforms from PC detectors of different carrier lifetimes were plotted. We can observe good agreement between Fig. 6(a) and (b) . The inset in Fig. 6 shows the hypothetical input THz waveform used to calculate the measured waveforms. This comparison demonstrates the character of the distortion of the waveform introduced by long lifetime detector material. This distortion results from the convolution of the time-dependent conductivity and the THz electric field. The conductivity profile is asymmetric in nature because of the fast rise time comparable to the optical pulsewidth and the slower decay time from carrier trapping/recombination. When this conductivity profile is convolved with bipolar waveforms, the first half cycle is greatly reduced while the latter half is less affected, leading to the above observations. In order to preserve the shape of the waveform, the photoconductive decay time should be much shorter than a half period of the THz waveform (which is not the case in our experiments!).
C. The Effect of a Hyper-Hemispherical Lens on the PC-Sampled Waveform
For practical THz systems, the PC antenna is usually used together with a substrate lens in order to increase the coupling of the THz energy to the antenna [6] . The effect of such lenses on the waveforms has been discussed by several authors [6] , [13] , [37] . We have repeated our PC-sampling experiments with a hyper-hemispherical silicon lens attached to the PC antenna. The PC antenna receiver was a dipole fabricated on LT-GaAs annealed at 600 C (the same one as in Section III-A). The diameter and the tip-to-bottom distance of the silicon lens were 10 mm and 6.5 mm, respectively, and the thickness of the GaAs PC receiver chip was 0.63 mm. This design is similar to that used in [40] .
The results of the measurements are shown in Fig. 7 . We can see distinct differences between the waveforms in Fig. 7 and the corresponding PC waveforms in Fig. 4 . Besides the waveform changes, the amplitude of the THz signal was enhanced by more than a factor of 10 by using the silicon lens. Also shown in Fig. 7 are calculated PC waveforms (dotted lines) derived from the FS-EOS data, with the same and as used for the modeling results in Fig. 4 . However, now we use an antenna response function , which gives excellent agreement with the data waveforms. Agreement was . The factor leads to a derivative-like behavior in the time domain. Our results may be understood as follows. In our back-toback configuration with 12-cm spacing, the THz beam at the receiver chip is larger than silicon lens aperture for all the frequencies where our PC receiver has significant frequency response. For example, using the diffraction integral, we calculate beam diameters (at the points of the field) of 29 and 15 mm for 1 and 2 THz, respectively. Therefore, the aperture is defined by the lens diameter and is approximately frequency-independent, resulting in a focused THz spot size which is inversely proportional to frequency. This smaller spot size for higher frequency components leads to a higher electric field amplitude for higher frequency, which results in a frequency factor. In order for this factor to be observed, the smallest spot size should be larger than the dipole antenna; in our case, this condition is easily satisfied. It is interesting to note that the condition that the beam size is larger than the silicon lens is approximately equivalent to the far-field criterion of the emitter/detector system including the silicon lens aperture. It is also important to note that observation of this effect depends on the specific THz optical system and frequency range. Grischkowsky et al. observed similar time-derivative behavior for a different THz optical system employing a pair of paraboloidal relay mirrors [6] . In that study, the THz beam size at the receiver was frequencyindependent and smaller than the substrate lens aperture; as a result, the focused spot was again inversely proportional to frequency, but for a different reason.
D. Comparison of FS-EOS and PC-Sampled Waveforms with Optical Pulse Doublet Excitation
In Section III-A, in order to test the validity of our theory, we used three different emitters which generated distinct waveforms. Another way of generating different THz waveforms is using an optical pulse shaper. In previous experiments, shaped optical pulses, derived either through femtosecond optical pulse shaping [41] , [42] , or through chirped pulse interference [43] , were used to excite PC dipole antennas in order to control the emitted THz waveforms. Here, in order to further test our theory, we compare PC and FS-EOS measurements of such shaped THz waveforms. Specifically, we used doublets generated by a femtosecond optical pulse shaper [44] , [45] to excite a large-aperture THz emitter. The pulse shaper contained a liquid crystal modulator (LCM) array [45] , [46] capable of both phase and amplitude modulation [46] , which allowed the excitation pulse shapes to be programmed in real time under computer control. Fig. 8 shows three examples of optical cross correlations of the shaped doublet pulses used in our current experiments. Fig. 9 shows the result of doublet excitation experiments performed with the LT-GaAs emitter annealed at 575 C. The PC detector was on the LT-GaAs annealed at 600 C, and an Si substrate lens was used. For a doublet spacing of ps, we have almost a single THz pulse within the resolution of our measurements. From the FS-EOS measurement, we could get a small sign of two-pulse excitation; however, the THz generation process at the emitter itself is too slow to make any more significant signature. From PC sampling, no sign of doublet excitation is apparent except for some broadening of the waveform. But, as the spacing is increased to 1.0 and 2.0 ps, the THz radiation from each pulse is resolved. When the spacing is 2.0 ps, the two are completely separated from each other in the FS-EOS measurement, whereas in the PCsampling measurement they are still coupled. In all cases, the match between the measured PC waveforms and the simulated PC waveforms using the FS-EOS data for the incident THz wave is very good, using the same set of parameters as before.
E. Near-Field Effects in Measurement of Wide-Band THz Radiation
Lastly, we measured THz waveforms varying the distance between the emitter and detector. We performed PC detection both with and without the silicon lens as well as FS-EOS, again all in the back-to-back configuration. We used largeaperture PC emitters fabricated from LT-GaAs annealed at 575 C and from SI-GaAs, with an excitation beam diameter of 1 mm. The PC detector was a dipole fabricated on the LT-GaAs annealed at 600 C. For these experiments, we fixed the location of the detector and changed the separation of the emitter from the detector. Because the optical pump beam and the THz beam are collinear, and assuming the same propagation velocity of THz and optical frequencies in air, we could maintain the same timing condition even while changing the emitter-detector distance. This is important when comparing the timing between waveforms later. Fig. 10 shows the THz waveforms from (a) LT-GaAs and (b) SI-GaAs emitters, both measured without a silicon lens. We find that, for each emitter, all the waveforms, which were measured at distances varying from 2.6 cm to 11.5 cm, are almost identical. Other data obtained at slightly different conditions (not shown) show that the waveforms are not changed out to 70 cm! Only the waveforms measured at 2.6-cm separation are perhaps very slightly broadened. However, in Fig. 11 , where the THz waveforms from the LT-GaAs emitter were measured by PC detectors with a silicon lens attached, we see a completely different picture. The waveforms measured at shorter distance are much broader than the waveforms measured at longer distances. Also, we found a delay in the arrival time of the THz wave for short emitter-receiver separations. However, the waveforms measured for separations greater than 9 cm are almost identical to each other and arrive at the same time.
This behavior can be understood from antenna theory (or diffraction theory). The electric field radiated from an antenna with current distribution can be expressed by [33] (see Fig. 12 ) (15) where is the distance from the source point to the measurement point, , and the integration is over the antenna surface. Here the primed coordinates indicate the source coordinates. This formulation is valid where . When , the field is more static in nature and cannot be described as a radiating field. But since our measurement is concerned with very high frequency, where the lowest frequency of interest is 100 GHz, this can be safely ignored for emitter-detector separations over 1 cm.
The distance is given by (16) where is the distance of the measurement point from the origin (center of the emitter), is the distance of the source point from the origin, and and are polar angles of and , respectively. Here we assume that the emitter surface is in the plane . When is larger than the antenna radius can be expressed in a Taylor series using a binomial expansion (17) The standard far-field approximation for (15) is that we replace in the phase term with and use in the denominator. In this case, (15) can be simplified to (18) In (18), the source term and propagation term are separated. For this far-field approximation to be valid, the criterion should be met which would allow maximum error of for the phase term [34] . In this derivation, only the size of the emitter was considered. If both the emitter and detector have finite size, and , respectively, should be used for the far-field criterion [34] . The above derivation was for the radiation of single-frequency . When we apply this to wide-band radiation such as the THz of interest here, we should use the maximum frequency with appreciable amplitude. If the maximum frequency satisfies the far-field criterion, the lower frequency components automatically satisfy the criterion. Now we can calculate the for our THz detection system. For the PC detector without a silicon lens, the size of the dipole antenna detector (50 m) is negligible compared to the size of the emitter aperture (1 mm). In this case, the is 13 mm for 2 THz and 7 mm for 1 THz, which are small compared to all the observation distances. This is consistent with the data of Fig. 10 , which shows the THz waveforms independent of distance over the range 2.6 cm investigated. But when the silicon lens was used with the PC detector, the detector aperture size is increased. Fattinger et al. [47] and Jepsen et al. [37] have investigated beam propagation in similar systems. It is difficult to assign an effective aperture size exactly due to partial reflections and the inhomogeneous field distribution. If we use 5 mm (which is half the diameter of the lens) as the combined effective aperture size of the system, we get cm for 2 THz and 16 cm for 1 THz. This agrees roughly with our observation (Fig. 11) that the waveform did not change appreciably for propagation over distances 10 cm. The broadening and additional delay of THz waveforms at shorter observation distances arise because the distances the THz wave components must travel depends on the particular points in the emitter and detector. The delay can be estimated by simple trigonometry. For the center-tocenter distance between the emitter and the detector , and the combined aperture size , the maximum extra time delay , is given by . For example, if we use cm and mm for our PC detector with a silicon lens, we get ps. The THz waveform measured at a distance of 2.8 cm in Fig. 11 shows that the peak is displaced by 0.5 ps compared to the far-field data, again in qualitative agreement with our simple estimate.
We also performed distance dependence experiments with FS-EOS with emitter-receiver separations between 12-28 cm. Because of the presence of the pellicle beamsplitter, we could not make the distance shorter. In the range investigated, we did not observe any change of pulse shape, other than the attenuation at larger distance.
Near-field effects have been studied experimentally [48] , [49] or theoretically [50] by a number of groups. Among those, the experiments of Budiarto et al. are most similar to our work. But, in those experiments, a SI-GaAs PC emitter with a very large aperture (3 cm) was used, and all the experiments were limited to the near-field region.
Our experiments clearly demonstrate the existence of a farfield region even for wide-band THz radiation. When each frequency component satisfies the far-field condition-when the highest frequency component satisfies this, the others do automatically-the spectral amplitude of each frequency component is governed by an scaling rule, so that each frequency is attenuated at the same rate, as seen in (18) . Beyond the minimum separation needed to satisfy the far-field criterion, the THz waveform and its frequency dependence become independent of the emitter-detector distance .
IV. CONCLUSION
We have analyzed THz waveforms measured by FS-EOS and PC sampling and have directly compared the THz radiation waveforms measured from FS-EOS and PC-sampling receivers. Although we observed significant differences between the two types of measurements, we demonstrated that the waveforms measured by the PC antenna can be derived from the FS-EOS waveforms by using a simple theoretical formalism which takes into account the response of the PC antenna and the photocarrier lifetime. For a PC THz receiver consisting of a short dipole without a substrate lens, we showed both experimentally and theoretically that the receiver antenna response is approximately flat over the THz frequency range of interest. For the same receiver with a substrate lens, we found a frequency dependence for the receiver's antenna response, which we explained based on the specific optical system in use. Our results help to elucidate the role of the frequency-dependent antenna response in PC-sampling THz receivers. We also investigated the effect of the PC carrier lifetime on the THz waveform measurement and explained our results through simulation. Finally, we demonstrated near-field effects in PC-sampling measurements of THz waveforms and explored the evolution of the THz radiation from the near-field into the far-field region.
